Aims Wild soybean (Glycine soja), a native species of East Asia, is the closest wild relative of the cultivated soybean (G. max) and supplies valuable genetic resources for cultivar breeding. Analyses of the genetic variation and population structure of wild soybean are fundamental for effective conservation studies and utilization of this valuable genetic resource. † Methods In this study, 40 wild soybean populations from China were genotyped with 20 microsatellites to investigate the natural population structure and genetic diversity. These results were integrated with previous microsatellite analyses for 231 representative individuals from East Asia to investigate the genetic relationships of wild soybeans from China. † Key Results Analysis of molecular variance (AMOVA) revealed that 43 . 92 % of the molecular variance occurred within populations, although relatively low genetic diversity was detected for natural wild soybean populations. Most of the populations exhibited significant effects of a genetic bottleneck. Principal co-ordinate analysis, construction of a Neighbor -Joining tree and Bayesian clustering indicated two main genotypic clusters of wild soybean from China. The wild soybean populations, which are distributed in north-east and south China, separated by the Huang-Huai Valley, displayed similar genotypes, whereas those populations from the Huang-Huai Valley were different. † Conclusions The previously unknown population structure of the natural populations of wild soybean distributed throughout China was determined. Two evolutionarily significant units were defined and further analysed by combining genetic diversity and structure analyses from Chinese populations with representative samples from Eastern Asia. The study suggests that during the glacial period there may have been an expansion route between south-east and north-east China, via the temperate forests in the East China Sea Land Bridge, which resulted in similar genotypes of wild soybean populations from these regions. Genetic diversity and bottleneck analysis supports that both extensive collection of germplasm resources and habitat management strategies should be undertaken for effective conservation studies of these important wild soybean resources.
INTRODUCTION
Crop wild relatives (CWRs) have been recognized as valuable genetic resources for crop improvement Prescott-Allen, 1986, 1988; Feuillet et al., 2008) . They are also important for both applied and basic research as a means of understanding the biology of crop plants (Tanksley and McCouch, 1997; Damania, 2008; Feuillet et al., 2008) . However, global climate change and the destruction of the ecological balance have sped up the extinction rate of these species (Saunders et al., 1991; Thomas et al., 2004) . More attention should be paid to the effective conservation of plant biodiversity, especially for wild relatives that have potential for the genetic improvement of cultivars (Myers et al., 2000; Rao and Hodgkin, 2002) . Therefore, comprehensive and extensive investigation of the population genetic structure and the phylogenetic relationship of CWRs is a requisite for identifying conservation units and developing in situ/ex situ conservation priorities for CWRs (Heywood et al., 2007) .
Wild soybean (Glycine soja) is well known as the closest wild relative of the cultivated soybean (G. max). It is endemic over a wide range of areas of East Asia including China, the Russian Far East, the Korean Peninsula and Japan. A long history of domestication, cultivation and breeding has narrowed the genetic basis of cultivated soybean, limiting further improvement of crop yield and quality. In contrast, wild soybeans, which inhabit a wide range of eco-geographic regions in East Asia, have diverse genetic variability in pest and disease resistance genes and other useful agricultural and ecological characteristics (Hajjar and Hodgkin, 2007; Chung and Singh, 2008) . Thus wild soybeans have been explored as a very important genetic resource for cultivated soybean improvement in response to global climate change (Chung and Singh, 2008) .
Previous genetic diversity analyses showed a high level of genetic variation in East Asia, especially in China (Kuroda et al., 2006; Lee et al., 2008; Li et al., 2009; Wen et al., 2009) . Wild soybeans occur in most provinces of China except the Xinjiang, Qinghai and Hainan Provinces (Li, 1993; Dong et al., 2001) . The possible distribution centre of genetic diversity of wild soybean in China is debated. For example, based on different developmental responses to photothermo effects in wild soybean, Xu et al. (1987) proposed seven wild soybean ecotypes in China. Dong et al. (2001) suggested three genetic diversity centres of wild soybean in China based on morphological traits and suggested that the north-east centre was the primary centre. More recent research also reported three geographically distinct genetic groups of wild soybean in China using microsatellites (Li et al., 2009; Wen et al., 2009) . Xu et al. (1999) detected the greatest genetic diversity of wild soybeans in southern China from the analysis of isozymes and restriction fragment length polymorphisms (RFLPs) of cytoplasmic DNA collected from different ecological regions. Furthermore, analysis of nuclear and cytoplasmic genomic polymorphism suggests that the primary diversity centre of wild soybean is in southern China (Shimamoto et al., 1998; Wen et al., 2009) .
Despite increasing interest in the analysis of genetic diversity of wild soybeans, most reports have used representative individuals or populations limited to narrow geographic regions. Understanding genetic variation within and between natural populations is critical for sustainable utilization and conservation of wild soybean. Detailed studies on the genetic structure and phylogeographic history of this important wild relative endemic to East Asia are thus necessary to provide new opportunities for the improvement of soybean breeding (Hajjar and Hodgkin, 2007) .
Genetic structure in natural populations is mainly shaped by their mating systems, life cycles and the historical demography related to geological and climate changes (Avise et al., 1987; Slatkin, 1987; Hewitt, 2000 Hewitt, , 2004 . In the present study, 20 microsatellite loci from the 20 chromosomes of soybean were employed to investigate the genetic diversity and population structure of 40 natural wild soybean populations at a regional scale in China. Furthermore, by integrating previous genotype data of representative samples from East Asia (Guo et al., 2010) , the genetic structure of wild soybean covering the whole distribution area will be discussed.
MATERIALS AND METHODS

Plant materials and genotyping
A total of 712 individuals from 40 natural populations of wild soybean (Glycine soja Siebold & Zucc.) were sampled, covering the major geographical distribution regions in China ( Fig. 1 and Table 1) . For each population, mature seeds were collected from each individual, with an interval of .5 m between individuals. Two to 20 individuals were collected for each population. Seeds are preserved in the Wuhan Botanical Garden of the Chinese Academy of Sciences, and the Institute of Crop Science of the Chinese Academy of Agricultural Sciences. Two individuals of G. tomentella were sampled as outgroups.
The seeds of each individual were used for germination. After germination, the leaf tissue was collected and used for DNA extraction following the cetyltrimethylammonium bromide (CTAB) protocol (Doyle and Doyle, 1987) . Twenty unlinked microsatellites from the 20 soybean chromosomes were selected for genotyping (Supplementary Data Table S1 ) (Cregan et al., 1999; Song et al., 2004) . The PCR protocol was based on the description in Cregan et al. (1999) . Briefly, approx. 10 mg of template DNA, 2 . 5 mmol of forward and reverse primers, and 1 U of Taq polymerase were used in each 10 mL mixture. PCR products were separated by 6 % PAGE, then visualized by silver staining and scored according to a 25 bp DNA ladder (Promega, Madison, WI, USA).
Genetic diversity analysis
Genetic diversity statistics for each locus, population and eco-region identified by STRUCTURE 2 . 2 (Pritchard et al., 2000) were assessed by calculating the expected heterozygosity (H E ), number of detected alleles (N A ), effective allele number (N E ) and fixation index (F IS ) using GENALEX V6 software (Peakall and Smouse, 2006) . The outcrossing rate was calculated from the fixation index using the equation (Weir, 1996) .
Demographic history
The program BOTTLENECK (Cornuet and Luikart, 1996) was implemented to detect deviation from mutation -drift equilibrium, which deduces historical changes in population size for each population. The program is based on the principle that a population that had experienced recent variation in their effective population size would present a related variation in allele number and genetic diversity. For example, populations that experienced a recent bottleneck should exhibit a faster reduction of allele number than of genetic diversity under a supposed mutation model at mutation -drift equilibrium. In contrast, populations with recent expansion should exhibit a faster increase in allele numbers relative to genetic diversity (Cornuet and Luikart, 1996) . Two mutation models were performed in our study for the test. These were the infinite allele model (IAM), which proposes that the microsatellite may evolve to infinite alleles, and the two-phased model (TPM), which proposes 30 % multistep changes (Gladieux et al., 2008) . A one-tailed Wilcoxon sign-rank test (Luikart et al., 1998) was conducted to determine whether a population exhibited a significant number of loci with an excess or deficiency of diversity.
Genetic structure analysis
Principal co-ordinate analysis (PCA), which used multivariate techniques to detect patterns of variation in complex data sets, was performed based on the Nei's genetic distance matrix (Nei, 1978) by the GENALEX V6 program (Peakall and Smouse, 2006) .
Model-based Bayesian analysis was carried out using STRUCTURE 2 . 2 (Pritchard et al., 2000) to detect the genetic structure of wild soybean populations. This algorithm assumes that each individual has admixture ancestral genotypes from more than one cluster regardless of sampling location or taxonomy. A series of K ¼ 1-40 was used to estimate the number of clusters under the admixture model with allele frequencies correlated. For each K, at least five independent runs of 100 000 iterations were processed following a burn-in period of 50 000 iterations. The ad hoc statistic, DK, which was calculated based on the rate of change of the log-likelihood for the present K value, was employed to identify the optimal number of populations present in the data set (Evanno et al., 2005) . The optimal genetic structure (the maximum value of DK) was graphically displayed using DISTRUCT (Rosenberg, 2004) .
Analysis of molecular variance (AMOVA) was conducted using the ARLEQUIN V3 . 0 software (Excoffier et al., 2005) to examine the distribution of genetic variation within populations, among populations within eco-regions and among eco-regions as identified by STRUCTURE 2 . 2 (Pritchard et al., 2000) . Genetic differentiation and a test for significance between population pairs were further assessed by the F-statistics estimator (F ST ) using FSTAT V2 . 9 . 3 (Goudet, 2001 ). Gene flow among populations was estimated by calculating the number of migrants (Nm) based on F-statistics with the equation Nm ¼ (1 -F ST )/F ST (Slatkin and Barton, 1989) .
Phylogenetic relationship
Pairwise genetic distances between populations were calculated using the Cavalli-Sforza and Edwards chord distance by MICRSAT V1 . 5 with 10 000 replications (Cavalli-Sforza and Edwards, 1967; Minch et al., 1996) . We used the PHYLIP V3 . 67 software package (Felsenstein, 2004) to construct a Neighbor -Joining (NJ) tree of wild soybean populations. Glycine tomentella was used as the outgroup to root the tree.
Combined analysis with previous microsatellite data from representative individuals
In order to explain further the phylogeographical structure of wild soybeans in China, we incorporated our data with our previous data from representative individual samples from the whole distribution area in East Asia (Guo et al., 2010). These included 216 individuals from China, five individuals from the Russian Far East, five individuals from South Korea and five individuals from Japan, which were genotyped with 56 microsatellites (Guo et al., 2010) . The genetic structure of 216 individuals was investigated using the model-based analysis by STRUCTURE 2 . 2 (Pritchard et al., 2000) with K ranging from 1 to 10 and parameters as described above.
RESULTS
Genetic diversity and differentiation
In this study, 40 naturally occurring wild soybean populations evenly distributed throughout the whole distribution area of China were analysed for genetic diversity and population structure using 20 unlinked microsatellite loci. A total of 317 alleles were detected across the 20 microsatellite loci in 712 individuals (Supplementary Data Table S1 ). At the species scale, wild soybean showed a high level of genetic diversity with H E ¼ 0 . 813 (Table 1) . For each population analysed, the highest level of genetic diversity was found in the JLJ population (N E ¼ 3 . 1, H E ¼ 0 . 643) (Table 1) , but no genetic diversity was found in the FLC population due to the small number of individuals (n ¼ 2) sampled.
The global F IS was extremely high (F IS ¼ 0 . 929), suggesting a low outcrossing rate in wild soybean populations. At the population level, the F IS value varied from 0 . 693 to 1, with an average outcrossing rate of 3 . 7 % ( Table 1 ). The low n, number of samples; N E , number of effective alleles, H E , expected heterozygosity; F IS , fixation index. Demographic analysis was carried out under two models: IAM model, infinite allele model; TPM model, two-phased model of mutation which proposes 30 % multistep changes. The ratio indicates the number of loci with heterozygosity deficiency/number of loci with heterozygosity excess. NS, not significant; *P , 0 . 05; **P , 0 . 01; ***P , 0 . 001. outcrossing rates are most probably due to the predominantly self-pollinating nature of wild soybean. These low outcrossing rates resulted in high overall genetic differentiation (F ST ¼ 0 . 561) and low gene flow (Nm ¼ 0 . 783) among populations.
Bottleneck analysis
Demographic analysis of the 39 polymorphic populations (excluding the monomorphic FLC population) revealed that most populations had an expected heterozygosity excess under both the IAM (27 populations) and TPM models (26 populations). The one-tailed Wilcoxon sign-rank test predicted that 25 and 19 populations had a heterozygosity excess significantly derived from the mutation-drift equilibrium under the IAM and TPM models, respectively (Table 1) . This suggested that a recent population bottleneck had occurred in most of the natural populations.
Population structure
The factor plate of PCA analysis projecting scatter plots of the first two principal components is shown in Fig. 2 . The first two principal components 1 and 2 accounted for 48 . 5 % of the total variation and roughly grouped the 40 populations into two main groups: the populations from central China including most of the area of the Huang-Huai Valley (NC) formed one group (Group A in Fig. 2 ), while the populations from northeast China (NE) and south China (SC) formed another group (Group B in Fig. 2) .
Based on DK statistics (Evanno et al., 2005) in the Bayesian analysis using STRUCTURE 2 . 2, the highest likelihood for K was 2 (Supplementary Data Fig. S1a ). When K ¼ 2, two main groups were identified (Fig. 3A) : populations from north-east China (NE) and south China (SC) showed a similar ancestral genotypic origin, while populations from the Huang-Huai Valley (NC) were independent. This was consistent with the result of the PCA. Further analysis based on K ¼ 3 revealed that most of the populations from north-east and south China were genetically separated (Fig. 3B) . All 40 populations could be divided into three clusters corresponding to three eco-regions of wild soybean previously defined in China: the north-east China eco-region (NE), the Huang-Huai Valley eco-region (NC) and the south China eco-region (SC) (Figs 1 and 3B) .
High pairwise differentiations between populations were observed (0 . 277 -0 . 725 with an average of 0 . 547), suggesting significant genetic differentiation and limited gene flow between populations. The overall AMOVA revealed that 56 . 08 % of the molecular variances were found among populations and 43 . 92 % were found within populations, indicating great genetic diversity within populations (Table 2) . AMOVA was used for further detection of the genetic differentiation between different eco-regions identified by STRUCTURE 2 . 2. As shown in Table 2 , the greatest genetic differentiation occurred between the NC and NE regions, with 8 . 16 % of the variation among groups, while the NE and SC regions exhibited the lowest genetic differentiation, with 3 . 09 % of the variation among groups (Table 2 ). This was consistent with the results from the PCA and STRUCTURE analysis, which both revealed a closer genetic relationship between NE and SC than between NC and SC, or between NC and NE.
Phylogenetic analysis
Relationships among wild soybean populations based on the 20 microsatellites were visualized in an NJ tree. Two main clusters were identified (Fig. 4) The present study detected high overall genetic diversity of wild soybean populations in China. This is consistent with previous studies (Li et al., 2009; Wen et al., 2009; Guo et al., 2010) . The expected heterozygosity detected in wild soybean was much higher than that reported for cultivated soybean (Kuroda et al., 2006; Guo et al., 2010) . Wild soybean from China could provide abundant genetic resources for cultivar improvement.
Mating system and the life history cycle play central roles in shaping the distribution of the population genetic diversity of plants (Hamrick and Godt, 1996; Nybom, 2004) . The overall level of genetic diversity is high in wild soybean (Shimamoto et al., 1998; Xu et al., 1999; Dong et al., 2001; Xu et al., 2002; Li et al., 2009; Wen et al., 2009; Li et al., 2010) , but the expected heterozygosity of each natural population is relatively low (with average H E ¼ 0 . 345, Table 1 ). Though higher than that detected in wild soybean populations from Japan (H E ¼ 0 . 228) (Kuroda et al., 2006) , it is much lower than the observed genetic diversity of many flowering plants based on microsatellites (an average H E of 0 . 410 for selfing species and 0 . 460 for annual species) (Nybom, 2004) . First, as an annual selfing species, limited gene flow between populations might account for the relatively low genetic diversity found in wild soybean relative to other flowering plants. A high selfing rate (81 . 9-100 %) was detected in the natural populations of wild soybean. The average outcrossing rate of the natural populations is 3 . 7 %, which is congruent with a rate of 3 . 4 % for wild soybeans from Japan (Kuroda et al., 2006) . Secondly, changes in climate and the environment are likely to influence the distribution and propagation of wild soybean. Sakai et al. (2003) used four intergenic spacer regions of chloroplast DNA to analyse the genus Glycine, and suggested that wild soybean rapidly expanded its distribution in East Asia. Thus, relatively low genetic diversity in natural populations might be exacerbated due to genetic drift (Sakai et al., 2003) . This is consistent with the BOTTLENECK analysis in this study, which indicated that most natural populations have experienced a population bottleneck. The genetic diversity analysis revealed that the ecoregion from south China had the greatest genetic diversity measured by either N E or H E (Table 1) . Similarly, previous studies based on simple sequence repeats (SSRs), amplified fragment length polymorphisms (AFLPs) and RFLPs (Shimamoto et al., 1998; Wen et al., 2009; Xu et al., 1999; Guo et al., 2010) found genetic diversity to be highest in south China and suggest that a genetic diversity centre of wild soybean exists in south China.
Strong genetic differentiation (F ST ¼ 0 . 76) among populations of wild soybean from Japan has been reported in a previous study (Kuroda et al., 2006) . It is much higher than that detected in wild soybean populations from China (F ST ¼ 0 . 561). AMOVA revealed that 43 . 92 % of the genetic diversity occurred within populations in this study. Relatively larger population size (most populations have 20 individuals) might account for the molecular variance within and among populations, as larger populations may encompass more of the available genetic diversity of the natural population. Therefore, both the distribution range and plentiful sampling are equally important for effective conservation studies of genetic resources.
Population structure of G. soja Several studies have discussed the discrimination of subpopulations for wild soybean based on the geographic distribution of representative individuals from China (Xu et al., 1987; Dong et al., 2001; Li et al., 2009; Wen et al., 2009; Li et al., 2010) . However, with genetic information of the natural population, we were able to detect novel population genetic structures of wild soybeans in the whole distribution area of China.
The Bayesian analysis using STRUCTURE 2 . 2 detected two genotypic groups of wild soybean from China: (1) the SC and NE group; and (2) the NC group (Fig. 3A) . The genetic distinctiveness of NC was also evident in PCA (Fig. 2) and the NJ tree (Fig. 4) . Both analyses revealed that most of the populations from NE and SC ( Fig. 2B; Fig.4 cluster II) clustered together, while NC ( Fig. 2A; Fig. 4 cluster I) clustered independently. The population structure was also evidenced by the hierarchical AMOVA (Table 2) , whereby genetic differentiation between NE and SC (3 . 09 %) was lower than that between NE and NC (8 . 16 %) and between NC and SC (7 . 15 %). This suggests two evolutionarily significant units in China, which is different from the seven ecotypes defined based on differences in the photo-thermo effects on the development of wild soybeans by Xu et al. (1987) , and the three geographic genetic differentiation groups reported previously (Dong et al., 2001; Wang et al., 2001; Wen et al., 2009; Li et al., 2010) . This study relied on neutral microsatellite loci distributed in the 20 linkage groups of soybean and analysed across natural soybean populations evenly distributed throughout China, which highlighted the population structure of wild soybean from heredity. The two evolutionarily significant units of wild soybean detected in the present study agree with findings of our previous study (Guo et al., 2010) based on representative individuals from East Asia, which demonstrated that individuals from the Huang-Huai Valley were clustered independently from other regions, including south China (SC), north-east China (NE), the Russian Far East (R), South Korea (K) and Japan (J) (Fig. 3C) . It was surprising that wild soybeans from south China (SC) and those from north-east China (NE) showed similar genotypes, because these two regions are geographically separated by the Huang-Huai Valley (NC). We employed the genotype data from our previous study to explain further the existing population structure in China. Sub-division structure analysis of representative individuals from East Asia excluding those from the Huang-Huai Valley (NC) gave an optimal population number of K ¼ 3 (Supplementary Data Fig. S1 ), which showed that individuals sampled from South Korea and Japan shared most of the genotypes with individuals from the south-east coast of China (Fig. 3D) . Previous investigations on the vegetation of East Asia based on fossil pollen evidence suggested that during the Last Glacial Maximum, the south-east coast of China, the Korean Peninsula and Japan might have been connected by temperate forest in the East China Sea Land Bridge (Harrison et al., 2001) . It was likely that there was an expansion event during the glacial age, which resulted in similar genotypes of wild soybeans in these regions. Thus it is proposed that insufficient time for lineage sorting and differentiation after expansion resulted in similar genotypes in north-east and south China despite their geographical separation. In addition, phylogenetic analysis revealed that wild soybean populations from the Huang-Huai Valley clustered with some populations from the south-west of China, where there is considered to be an important biodiversity hotspot (Myers et al., 2000) . Relatively low genetic diversity in the Huang-Huai Valley implies that there may have been a rapid expansion of wild soybean from southwest China.
Concluding remarks and implications for conservation
Wild soybeans are distributed across East Asia, covering the mainland of China, Taiwan, the Korean Peninsula, Japan and the Russian Far East. As wild species can be important genetic resources for cultivar improvement, several groups have reported the genetic structure of wild soybean from East Asia (Xu et al., 2002; Lee et al., 2008; Kuroda et al., 2009; Wen et al., 2009; Li et al., 2010) . We have detected two evolutionarily significant units of wild soybean populations from China by using unlinked microsatellite loci to analyse the population structure of natural wild soybean populations from the whole distribution area. Further analysis of polymorphic sequences, such as chloroplast or nuclear sequences, across more representative population samples from the whole distribution area in East Asia are needed to elucidate the population structure and phylogeographical expansion routes of G. soja in more depth. This would also enable prediction of a time frame of expansion for wild soybean in East Asia to support population diffusion or interaction via the East China Sea Land Bridge.
Although most of the genotypes were shared between northeast and south China, morphological diversity and investigation have shown that the north-east was a very important diversity centre (Dong et al., 2001; Wen et al., 2009) . North-east China, the Huang-Huai Valley and south China regions with different predominant genotypes could be considered as independent gene pools for cultivated soybean improvement, especially in regards to native adaptive characteristics for cultivation in these regions.
Populations with low genetic diversity might be at increased risk for extinction due to limited adaptive potential and fixation of deleterious alleles (Frankham, 1995; Keller and Waller, 2002) . In this study, although the overall genetic diversity of wild soybean was high due to extensive geographic distribution, the genetic diversity within populations was relatively low (Table 1) . BOTTLENECK analysis further showed that most populations deviated significantly from mutation -drift equilibrium, suggesting a recent population bottleneck. Extensive collection of germplasm resources is recommended for comprehensive and long-term conservation of these important genetic resources ex situ. In addition, habitat management and the monitoring of population dynamics for wild soybean should be undertaken to maintain the dynamic evolutionary potential for the two evolutionarily significant units discovered, especially those from south China, which is considered a genetic diversity centre of wild soybean.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjournals.org and consist of the following. Table S1 : genetic statistics for the 20 microsatellite loci used in the study. Fig.  S1 : inference of genetic cluster (K) of wild soybean based on the DK value for the 40 wild soybean populations from China based on 20 microsatellites and for representative wild soybean individuals from south China, north-east China, the Russian Far East, South Korea and Japan, based on 56 microsatellites.
